INTRODUCTION
Certain bacteria of the genus Azospirillum, and of the fluorescent Pseudomonas groups, are motile (Chet et al., 1973; Tarrand et al., 1978) . Interspecific variation involving motile versus non-motile strains as well as variations in the rate of motility are documented (Heulin et al., 1982 (Heulin et al., , 1983 Panopoulos & Schroth, 1974) . However, motility of the beneficial associative rhizosphere bacteria, known for their possible contribution to plant growth and yield, particularly in cereals, has received little attention. Relatively few studies, most of them on the genus Azospirillum, have been conducted, and all were done in vitro. They include aerotaxis of A. brasilense towards low oxygen tensions (Barak et al., 1982) , chemotaxis of this species towards several amino acids, sugars and organic acids (Barak et al., 1983; Okon et al., 1980; Reinhold et al., 1985) and chemotaxis of A. lipoferum towards wheat root exudates and sucrose (Heinrich & Hess, 1985) .
Since the latter studies were not conducted under normal bacterial habitat conditions, i.e. soil or the plant rhizosphere, it seemed important to determine whether similar responses occur under soil conditions. The purpose of this study was to examine the motility of associative beneficial Azospirillum and Pseudomonas spp. in the soil in the presence of their natural attractant -the host plant.
METHODS
Organisms and growth conditiof?s. The rhizosphere bacteria Azospirillum brasilense Cd (ATCC 297 10) and Pseudomonas juorescens strain 8201 1 (isolated from roots of wild wheat in Israel) were used. Both strains are known to be plant beneficial bacteria (Bashan, 1986a; Okon, 1985; Suslow, 1982) . Plant material consisted of common wheat plants, Triticum aestivum, cvs. Lachish, Bet Lehem-676, Hazera-18, Chinese Spring, Deganit and Barkai, and the T. durum cvs. Inbar and Hazera-870. Bacteria were grown in nutrient broth (Difco) for 24 h at 30 k 2 "C in a rotary shaker (200 r.p.m.) and were not washed before soil inoculation, to avoid the flagellar damage that preliminary experiments indicated was caused through washing by centrifugation.
Migration assays in the soil. The device shown in Fig. 1 was used in all experiments. It consisted of a large glass dish (170 mm diameter, 90 mm depth) filled with 600-700 g brown-red degrading sand soil (from Rehovot) equilibrated to nearly field capacity with tap water or to several other levels of humidity at approximately 30 mm depth, as described below; acid-purified sand (40-100 mesh, BDH) or heavy soil (Terra rosa soil) were also used. A fine nylon barrier (300 mesh) was placed vertically 20 mm from the dish edge to prevent spreading of plant roots throughout the dish. The dish was sterilized either by y-irradiation (25 kGy) using a 6oCo source, or by autoclaving three times, each for 1 h at 1.2 atm, with 24 h intervals at room temperature between each sterilization.
Wheat seeds were surface disinfected with 1 % (v/v) NaOCl under vacuum for 5 min (the vacuum was released abruptly to ensure disinfection), then washed five times with sterile tap water. The seeds were imbibed for 3-4 h, put on sterile filter paper for an additional 48 h, and then germinating seedlings of approximately equal size were sown (six seedlings per dish, 0.5 cm depth) at the edge of the dish, distal to the nylon barrier. The dishes were transferred to a growth chamber (Conviron model EF7H, Controlled Environments, Canada)
at 22 k 1 "C for 4 d, and then inoculated by placing 0.5 ml bacterial culture, lo9 c.f.u. ml-1 at the centre and resealed. At various intervals, soil samples were removed by a disposable sterilized sampler, consisting of a microscope slide glass with 0.5 mm diameter capillaries attached to it every 5 mm (the last three capillaries representing the plant site). The capillaries were placed in the soil (3-5 mm depth) and the retrieved samples were placed on agar medium [selective BL medium for A . brasilense (Bashan & Levanony, 1985) or King-B medium for P.fluorescens: the bacterial strains were tested separately]. The plates were incubated at 30 & 2 "C and 25 k 2 "C in the above media for 10 d and 1 d, respectively, until colony formation was visible. The distance of the bacterial migration in the soil was calculated from the site of application to the furthermost colony; when bacteria reached the root system the migration distance was 90 mm. Total bacterial counts (in bands, for both A . brasdense and P. puorescens) were done by the plate count method on King-B medium. Each plate contained seedlings on one side and controls on the opposite side, the latter consisting of dead seeds (killed by y-irradiation), filter paper or non-planted soil. Before each soil inoculation, bacteria were tested for their motility by light microscopy. Their identity was routinely verified by the enzyme-linked immunosorbent assay (ELISA) for A . brasilense Cd (Levanony et al., 1985) and by typical fluorescent colony formation for P.juorescens. The bacterial growth media remaining at inoculation time were tested for serving as attractants and were discarded.
Determination andproduction of various levels of soil humidity. To obtain soil near field capacity, 5 kg of soil was flooded with tap water and placed on a delicate cheese-cloth, and the excess water was allowed to drain at ambient temperature overnight. The soil was then carefully packed into the glass dishes. To obtain specific levels of humidity, the soil was dried in a forced draught oven at 45 "C for 24 h, and then the desired amount of water was added. The soil was lightly mixed and packed into the glass dishes. M) and/or aspartic acid (lo-' M), dissolved in distilled water, were mixed with 2% (w/v) sodium alginate (BDH). Beads formed according to Bashan (19866) were lyophilized to dryness and maintained in sealed glass containers with silica gel until use. Five beads were put at the edge of each migration cell in place of the wheat seedlings. Controls included alginate beads with no attractants. 
RESULTS
Eflect of soil moisture on bacterial motility. Migration of A . brasilense in the soil towards growing wheat seedlings of cv. Hazera-18 was measured at several levels of soil moisture. Data for migration distance, 96 h after inoculation, were combined from five different experiments. Direct linear and significant correlation was obtained between migration distance and soil moisture (Fig. 2) . The highest migration rate was obtained in light soil at near field capacity (16%, v/w, water) or above. At 20% moisture, this type of soil tended to be flooded, thus facilitating motility of bacteria in the free water film, even in the absence of seedlings. Similar trends of migration in soil were found for P . jhurescens.
Efect of' soil type on bacterial migration. The two rhizosphere bacteria were inoculated separately into three soil types: the sand and the brown-red degrading sand soil of Rehovot (both light soils), and the heavy Terra rosa soil. Migration towards wheat seedlings of cv. Hazera-18 was recorded daily (Fig. 3) . For both bacteria, migration decreased with increasing soil weight. P.3uorescen.s had a slightly higher rate of migration in the three soil types than A . brasilense. For both bacterial strains, the migration rate increased several fold with time: from an average of 6 mm in the first 24 h to 35 mm from 48 to 72 h after inoculation of P.fluorescens, in the extreme case (Fig. 3) . The reasons for this increase are unknown.
Eject on bacterial migration of duration ofplant growth in the soil prior to bacterial inoculation. P. jluurescens was inoculated into the dishes either at planting time or 1, 2 or 3 d later. A linear relationship ( y = 1 3 . 5~ + 11 ; r = 0.97, significant at P 6 0.05) existed between time of planting and bacterial migration 72 h after inoculation, motility being at its highest rate in dishes containing plants grown for 3 d before inoculation. The slight decrease in soil moisture due to plant growth (from 17.35 % at the beginning of the experiment to 16.53 % at the end) did not affect migration. Initiation of bacterial motility. Preliminary observations indicated that motility did not start immediately following inoculation. There was a lag period of 24-36 h for both bacteria before substantial migration towards the growing plants was initiated (Fig. 4) . The more motile strain ( P . Juorescens) had a shorter lag period.
Characterization of bacterial migration in the soil. The minimum and maximum migration of A . brasilense in the soil was measured as the greatest distance between colonies developed after sampling on the agar medium. The width of the migration front was measured with an identical sampler placed on the soil at the expected front of bacterial migration. The numbers of A . brasilense in the soil were determined in various areas of bacterial migration. Migration in soil was characterized by a bacterial band, with nearly all bacteria migrating towards the plants. N o bacteria could be detected in a given soil area 48 h after the bacterial population had migrated from this site. A . brasilense numbers slightly increased in the soil during the experiment, but these differences were not significant ( Table 1) . No measurable bacterial death was detected in areas free of bacteria, using the ELISA technique, which is capable of quantifying dead as well as live bacteria. The size of the band varied and slightly increased as it reached the area closer to the plant (Fig. 5) .
Migration of A . brasilense in the soil towards synthetic attractants. A . brasilense migrated through the soil towards glycine and aspartic acid in a similar manner as towards living wheat plants (Fig. 6) .
Migration of A . brasilense towards various wheat cultivars. Migration towards eight wheat cultivars was tested. Excluding variation between experiments due to differences in soil moisture, generally speaking, bacterial migration was higher towards wheat seedlings than towards non-planted soil (Fig. 7) . No significant difference was detected between the wheat cultivars (compare results from single experiments). The possibility that the bacteria were attracted by degrading seeds or by a water sink created by the plants was tested and excluded (Fig. 7) . 
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DISCUSSION
Motility is one of the major taxonomic properties of the genus Azospirillum and many species of Pseudomonas (see Krieg, 1984; Tarrand et al., 1978) . Attraction and migration of beneficial rhizosphere bacteria towards their respective host plants provide an important ecological advantage for these bacteria. Additionally, species of rhizosphere bacteria with poor survival in soil must reach the root environment in order to survive (Chet & Mitchell, 1976; Rovira, 1969) . The ability of associative beneficial rhizosphere bacteria such as Azospirillum and Pseudomonas to attain a significant population on the host root system is a prerequisite for their effects on plant growth (Bashan, 19860; Suslow, 1982) . Although there is great interest in manipulating specific beneficial bacteria into the rhizosphere, little is known about the processes determining the rhizosphere population size, and the migration of these bacteria in the soil (Bashan, 1986a; Bennett & Lynch, 1981 a, 6; Bowen, 1979; Foster & Bowen, 1982; Lynch, 1981 ; Rovira et a/., 1983 ; Suslow, 1982) .
The present study demonstrated the migration of two rhizosphere beneficial bactera in the soil towards living wheat plants or towards synthetic attractants known to be produced in uivo by them (Rovira, 1969) . Substances released from degrading seeds during germination, and the water sink produced by the plant during its growth, failed to attract the bacteria. The nylon barrier which prevented the spread of plant roots throughout the dish provided further evidence that bacterial migration occurred through the soil.
Water-saturated soil conditions are known to facilitate the movement of bacteria through the soil (Hamdi, 1971 (Hamdi, , 1974 Kellerman & Fawcett, 1907; Madsen & Alexander, 1982; McCoy & Hagedorn, 1979; Thornton & Gangulee, 1926) . Wallace (1978) proposed that water-facilitated dispersal of bacteria in soil is likely to be limited to only a few centimetres because soil hydraulic conductivity is small relative to the short-term motility rates of flagellated cells. However, Frazier & Fred (1922) observed 17 cm migration of Rhizobiurn in sterilized soils. It is also known that nodulation of legumes sown in partially dry soil is likely to be affected by the failure of the inoculum to migrate away from the seed site (Brockwell et al., 1972; Brockwell & Whalley, 1970) . Bitton et al. (1974) found that water-mediated movement of Klehsiella aerogenes through saturated soil depended on the moisture level of the soil and the surface properties of the bacteria. Griffin & Quail (1968) found that movement of P . aeruginosa in soil was restricted at water contents lower than field capacity, and Robson & Loneragan (1970) proposed that water may have been responsible for dispersal of R . meliloti in the field. The present study indicated that soil moisture had a dominant role compared to other factors affecting migration. In light soils significant migration compared to negligible movement was brought about by a small increase in the soil moisture percentage. Decrease in soil moisture might eliminate the effects of other factors, such as root exudates and oxygen tension, by physically preventing the migration due to the absence of a continuous film of water.
Bacterial migration towards root exudates was demonstrated for Rhizobium attracted to Cicer arietinum (Gitte et al., 1978) and P. syringae pv. lachrymans towards cucumber leaves (Chet et al., 1973) . The present study indicated the presence of an unknown mechanism by which bacteria respond to exudates and translate it into motility. This may explain the long delay in the bacterial response between inoculation time and actual migration. However, this interpretation needs further study since the attraction in sterile soil would be expected to be stronger than that in natural soil, since in the former, substances released by the roots are not metabolized by nearby soil micro-organisms.
The migration of most bacterial populations as a massive band towards the plant indicates that the attraction exerted by the plant affects most of the bacterial cells. Such a phenomenon was less obvious in in uitro systems in which random motility of part of the population towards nonattractant compounds such as buffers was observed (Barak et al., 1982; Heinrich & Hess, 1985) . Since minimal bacterial multiplication, and no bacterial death, were detected in soil, it can be concluded that migration is due to motility of individual cells towards the plant root and not to bacterial cell division.
Soil comprises a series of discontinuous surfaces and water films that restrict bacterial motility, except under extremely moist conditions (Wallace, 1978) . The movement of P . aeruginosa and R. trifolii in sand was found to depend upon the continuity of water pathways, which was in turn dependent upon the pore size distribution (Griffin & Quail, 1968; Hamdi, 1974) . The discontinuous thin water film covering small soil particles does not allow direct migration towards the plant in unflooded soil. Thus, the measured migration distance in the present study represents only a minimum value.
The fact that A . brasilense migrated to the same extent towards several cultivars of two wheat species indicated that the bacteria were attracted to compound(s) produced by the wheat genotype, rather than to a particular substance produced by a certain cultivar. Such root exudates and their effects on colonization of wheat by rhizosphere bacteria are known (Ayers & Thornton, 1968; Hale & Moore, 1979) .
In conclusion, this non-specific migration in soil of two rhizosphere bacteria towards wheat seedlings provides further support to previous in uitro studies of aerotaxis and chemotaxis of rhizosphere bacteria. 
